CDC nonoxidizer group 2 (NO-2) currently consists of 15 gram-negative, rod-shaped, oxidase-negative, asaccharolytic, brown soluble pigment-producing strains isolated from blood cultures, usually from young adults. On the basis of their cellular fatty acid profiles, NO-2 strains formed a single group that was identical with the profile of Bordetella avium. 16S rRNA sequencing of one NO-2 strain and the type strains of B. pertussis, B. parapertussis, B. bronchiseptica, and B. avium showed a high degree of homology (Ն98% over 1,525 bases). The NO-2 guanine-plus-cytosine content (61.5 to 62.3 mol%) and major ubiquinone analysis (ubiquinone-8) results were both consistent with those for the genus Bordetella. DNA relatedness studies (hydroxyapatite method) confirmed a close relatedness between NO-2 and Bordetella species and demonstrated that NO-2 strains were a single new species. The name B. holmesii sp. nov. is proposed for CDC group NO-2.
CDC nonoxidizer group 2 (NO-2) is the vernacular name given to gram-negative, nonoxidizing, brown soluble pigmentproducing rods sent for identification to the Special Bacteriology Reference Laboratory at the Centers for Disease Control and Prevention (CDC). The first of these strains was received in 1983. Since then, 14 additional strains have been received, all of which were isolated from blood cultures obtained, with few exceptions, from young adults. At least four of these strains were isolated from more than one blood culture per patient. Eleven NO-2 strains, including two isolates discovered outside the United States, have been received since 1989, raising the possibility that this group is an emerging pathogen.
In this study we characterized the strains of NO-2 biochemically, by cellular fatty acid (CFA) and ubiquinone analysis, guanine-plus-cytosine (GϩC) content, 16S rRNA sequence analysis, and DNA-DNA hybridization. The results indicate that group NO-2 is a single, previously undescribed species whose closest relatives are in the genus Bordetella. We propose the name Bordetella holmesii for NO-2.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The NO-2 strains and their sources are shown in Table 1 T were obtained from the American Type Culture Collection, Rockville, Md. In addition, CFA profiles were determined for B. parapertussis F6288 and F6289, B. bronchiseptica B5821 and G1696, and B. pertussis 042, 083, and 087. The B. parapertussis and B. bronchiseptica strains were submitted to CDC as patient isolates and were identified by the Special Bacteriology Reference Laboratory. The B. pertussis strains were obtained from P. Cassiday, Pertussis Laboratory, Division of Bacterial and Mycotic Diseases, CDC. All strains were suspended in defibrinated rabbit blood and stored in a liquid nitrogen freezer until studied. Unless otherwise indicated, all strains except B. pertussis were grown on heart infusion agar with 5% rabbit blood (HIA) (BBL Microbiology Systems, Cockeysville, Md.) in a candle jar at 35ЊC. B. pertussis was grown on Regan-Lowe agar (35) (35ЊC in a candle jar for 4 days) for CFA analysis. To obtain DNA, B. pertussis was grown in Stainer-Scholte broth (39) and all other strains were grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.). All broth cultures were incubated with shaking at 37ЊC. To determine the possible effects of media on CFA composition, strains of NO-2, B. avium, B. parapertussis, and B. bronchiseptica were examined for CFA composition after growth on Regan-Lowe agar as well as on HIA.
Biochemical characterization. Biochemical characteristics of NO-2 strains were determined by the methods of the Special Bacteriology Reference Laboratory (4). Test results were read after 48 h and 7 days of incubation at 35ЊC, except for oxidase and catalase results and optimal growth temperature, which were read at 24 h.
CFA and isoprenoid quinone analysis. Cells were saponified, and the liberated fatty acids were methylated and analyzed by capillary gas-liquid chromatography (30) . Identification of fatty acids and determination of double-bond positions in monounsaturated acids were accomplished by gas-liquid chromatography and gas-liquid chromatography-mass spectrometry (30) . Isoprenoid quinones were extracted from 100 mg of lyophilized cells and analyzed by reverse-phase high-performance liquid chromatography (29) .
16S rRNA sequencing and analysis. The methods used for PCR amplification of ribosomal DNA (rDNA), its sequencing, and analysis of the data are those reported by Daly et al. (6) . Template DNA for direct sequencing was produced by enzymatic amplification of 16S rDNA by using the primers fD1 and rD1 described by Weisburg et al. (42) . The 10 oligonucleotides used as sequencing primers are those used by Stackebrandt and Charfreitag (38) . For comparison studies, 16S rRNA sequences, representing members of the beta, delta, and gamma subdivisions of the Proteobacteria, were retrieved electronically (Table 2) . With the exception of that for Oxalobacter formigenes, sequences were retrieved from the GenBank database (1). The O. formigenes sequence was retrieved from the Ribosomal Database Project, University of Illinois-Urbana-Champaign (electronic mail address: RDP.LIFE.UIUC.EDU). Sequences were aligned by using the multisequence alignment program PILEUP (8) , and phylogenetic relationships were inferred with version 3.4 of the PHYLIP software package (13) . The method of Jukes and Cantor was used to calculate a similarity matrix (23) . The dendogram was constructed by the neighbor-joining method of Saitou and Nei (37) using the sequence from Anacystis nidulans as the outgroup. The dendogram was further tested by bootstrap analysis (12) .
G؉C content in DNA. The GϩC content was determined spectrophotometrically by thermal denaturation (28) , with Escherichia coli DNA included as a control.
DNA-DNA hybridization. The preparation and purification of DNA and the conditions used to determine DNA relatedness by the hydroxyapatite method have been described previously (2) . DNA from NO-2 strain F5101 was labeled with [ 32 P]dCTP by using a nick translation kit (GIBCO BRL, Gaithersburg, Md.) as described by the manufacturer. Because of the relatively high GϩC content of NO-2 DNA, an incubation temperature of 65ЊC was used for optimal DNA reassociation. Divergence (unpaired bases within hybridized sequences) was estimated to be approximately 1% per degree of decreased thermal stability in a heterologous reassociated DNA duplex compared with that of the homologous DNA duplex. Divergence was calculated to the nearest 0.5%.
RESULTS
On microscopic observation of 48-h HIA cultures, individual NO-2 cells appeared as gram-negative, predominately small coccoid and short rods with rare longer and wider forms. Growth was slow on all media tested, requiring at least 48 h of incubation before isolated colonies could be observed. On rabbit blood agar at 3 days of incubation, isolated colonies were punctate, semiopaque, convex, and round with complete edges. A zone of browning or greening of the media was observed around colonies of seven strains. All strains produced a brown soluble pigment when grown at 35ЊC on heart infusion tyrosine agar (4) . All strains grew on MacConkey agar, although three strains required between 3 and 7 days of incubation to produce visible growth. All strains grew at 35ЊC, and 11 of 15 strains grew at 25ЊC. Other variable tests included catalase production (7 of 15 strains produced a weak reaction), H 2 S production as detected by lead acetate paper (9 of 15 strains produced a weak reaction), reactivity in litmus milk (5 of 15 strains produced alkalinization, and 1 strain reduced the indicator without alkalinization), and growth in nutrient broth with 0% NaCl (six strains produced visible growth within 2 days of incubation, eight strains produced visible growth between 3 and 7 days of incubation, and 1 strain failed to produce visible growth at 7 days of incubation). All strains were negative for the following tests: growth at 42ЊC; acid production from glucose, xylose, mannitol, lactose, sucrose, and maltose; motility; oxidase; urease; nitrate reduction; nitrite reduction; indole production; citrate; acid production in the slant or butt of triple sugar iron agar; H 2 S production in triple sugar iron agar; gelatin hydrolysis; esculin hydrolysis; lysine decarboxylase; arginine dihydrolase; ornithine decarboxylase; growth on Salmonella-Shigella agar; growth on cetrimide agar; and growth in nutrient broth with 6% NaCl.
The CFA compositions of selected strains of NO-2, B. avium, B. parapertussis, B. bronchiseptica, and B. pertussis are presented in Table 3 . For strains grown on both HIA and Regan-Lowe agar, no medium-related differences in CFA profiles were observed. The CFA compositions of eight NO-2 strains tested were essentially identical to one another and to the CFA profile of B. avium. Both NO-2 and B. avium CFA profiles were characterized by major amounts (30 to 41%) of hexadecanoate (C 16:0 ) and cycloheptadecanoate (C 17:0cyc ), moderate amounts (5 to 7%) of octadecanoate (C 18:0 ), small amounts (2 to 5%) of straight-chain hydroxy acids (2-OH-C 12:0 , 2-OH-C 14:0 , and 3-OH-C 14:0 ), and only traces to small amounts (1 to 3%) of tetradecanoate (C 14:0 ) and cis-9-hexadecenoate (C 16:1w7c ). The apparent small differences in CFA composition between these two organisms (C 17:0 , C 18:2 , C 18: 1w9c, C 18:1w7c , and C 19:0cyc9-10 ) are not sufficient to distinguish NO-2 from B. avium, since the relative amounts of these acids varied among the NO-2 strains tested. The CFA profile of NO-2 and B. avium differed from that of B. parapertussis by the absence of 3-OH-C 10:0 (2%), the presence of 2-OH-C 12:0 (2 to 4%) and 2-OH-C 14:0 (3 to 4%), smaller amounts of C 14:0 (1 versus 6%) and C 16:1w7c (2 versus 6%), and larger amounts of 3-OH-C 14:0 (4 to 5 versus 1%). The CFA profile of NO-2 and B. avium differed from that of B. bronchiseptica by smaller amounts of C 12:0 (0 to T versus 2%), C 14:0 (1 versus 6%), and C 16:1w7c (2 versus 27%), the presence of 2-OH-C 14:0 (3 to 4%), and larger amounts of C 18:0 (6 to 7 versus 2%). A significant difference in the CFA profile of B. pertussis compared with those of other organisms listed in Table 3 was the absence of C 17:0cyc . This acid was present in moderate to large amounts (14 to 35%) in all other organisms when grown on either HIA or Regan-Lowe agar. B. pertussis also differed from NO-2 and B. avium by the presence of 3-OH-C 10:0 (4%) and 3-OH-C 12:0 (1%), the absence of 2-OH-C 12:0 and 2-OH-C 14:0 , and larger amounts of C 14:0 (5 versus 1%), 3-OH-C 14:0 (9 versus 4 to 5%), and C 16:1w7c (40 versus 2%). Thus, on the basis of CFA composition NO-2 and B. avium are indistinguishable from each other but differ from other Bordetella species (Table  3) . The overall CFA profiles of NO-2 and B. avium are most similar to those of Alcaligenes faecalis and Alcaligenes xylosoxidans, except for smaller amounts of C 16:1w7c (2 versus 20%) (28a). Strains of both NO-2 and B. parapertussis contained ubiquinone-8 as the major isoprenoid quinone as determined by high-performance liquid chromatographic analysis.
Biochemical tests that differentiate NO-2 from Bordetella species and other phenotypically similar bacteria are listed in Table 4 . The lack of oxidase activity and the production of a brown soluble pigment differentiate NO-2 from B. pertussis, B. bronchiseptica, and B. avium. The lack of urease activity differentiates NO-2 from B. parapertussis. Other phenotypically similar bacteria include asaccharolytic Acinetobacter species and CDC group NO-1 (15). Like NO-2, these organisms are usually oxidase negative and do not utilize carbohydrates; however, they usually do not produce a brown soluble pigment, and group NO-1 reduces nitrate. Rarely occurring asaccharolytic Acinetobacter species that produce a brown soluble pigment can be differentiated from NO-2 by the Acinetobacter transformation assay and CFA analysis (4, 31) . Brucella canis 
The number before the colon is the number of carbon atoms and the number after the colon is the number of double bonds; w, double-bond position from the hydrocarbon end of the chain; c, cis isomer; i, methyl group at the penultimate (iso-) carbon atom; cyc, cyclopropane ring; 2-OH-, hydroxyl group at the 2 position; 3-OH-, hydroxyl group at the 3 position.
b Values are arithmetic means. Numbers in parentheses are numbers of strains.
c Strains G4363, G5210, G5245, G6128, G7702, G7952, G8341, and G8350. Table 2 . Over the region sequenced, there were 15 differences between F5101 and B. pertussis, 18 differences with B. parapertussis, 20 differences with B. bronchiseptica, and 35 differences with B. avium. The differences appear to be randomly distributed.
A sequence similarity matrix based on edited 16S sequences from members of the beta, delta, and gamma subdivisions of the Proteobacteria was constructed. Representative results of the matrix are shown in Fig. 1 . The sequence from strain F5101 was 99.5% similar to the B. pertussis sequence, 99.4% similar to the B. bronchiseptica sequence, 99.3% similar to the B. parapertussis sequence, and 98.4% similar to the B. avium sequence. Other 16S sequences that were greater than 90% similar to F5101 include A. xylosoxidans (97.3% similarity), A. faecalis (94.5% similarity), and O. formigenes (91.2%). All other sequences examined were less than 90% similar to F5101.
The similarity matrix was used to construct a dendrogram showing the phylogenetic order of the organisms on the basis of their edited 16S sequences. As shown in Fig. 2 , strain F5101 formed a distinct cluster with the Bordetella species and was on a common line of descent with the genus Alcaligenes, another genus in the beta-2 subdivision of Proteobacteria. When a bootstrap analysis of the 40 aligned sequences was performed, the cluster of NO-2, B. pertussis, B. parapertussis, and B. bronchiseptica occurred in 100 of 100 trees. In 29% of the trees, the branching order within the Bordetella cluster changed, but the members in the cluster remained the same, as seen in Fig.  3 .
The GϩC content of DNA was determined for five NO-2 strains and for the type strains of B. avium, B. parapertussis, and B. pertussis (Table 5 ). All NO-2 strains studied yielded GϩC contents from 61.5 to 62.3 mol%. The respective type strains of the species of Bordetella yielded GϩC contents from 60.2 to 66.7 mol%.
Labeled DNA from NO-2 strain F5101 was hybridized with unlabeled DNAs from 12 other NO-2 strains and from the type strains of B. avium, B. bronchiseptica, B. pertussis, and B. parapertussis (Table 5 ). Relatedness among NO-2 strains was 89 to 100% (average, 96%). Divergence within related se- quences was 0 to 6% (average, 1.5%). Strain F5101 was 24 to 34% related to type strains of the four Bordetella species, with 13 to 14% divergence within the related sequences.
DISCUSSION
CDC group NO-2 currently consists of 15 strains of fastidious gram-negative bacteria isolated from human blood cultures. Isolates were obtained from nine states in the United States, Saudi Arabia, and Switzerland. At least four of these strains were obtained from two or more blood cultures per patient. Little clinical information is available on the patients; however, seven had underlying conditions (sickle cell anemia, diabetes, lymphoma, Hodgkin's disease, and prior splenectomies) that may have enhanced their susceptibilities to infection. Two other patients (associated with strains G8341 and G8350) may have developed postoperative NO-2 infections.
NO-2 strains are very similar biochemically and are closely related genetically. Our studies indicate that this group belongs in the genus Bordetella. They exhibit a CFA profile essentially identical to that observed with B. avium and contain ubiquinone-8, which is the major isoprenoid quinone of other Bordetella species (5). The 16S rRNA sequence of NO-2 shows a high level of homology with 16S rRNA sequences of the respective type strains of the species of Bordetella. The placement of NO-2 within the genus Bordetella is also supported by VOL. 33, 1995 BORDETELLA HOLMESII SP. NOV.
its GϩC content of 61 to 62 mol%, similar to those of B. pertussis, B. parapertussis, and B. bronchiseptica (7) . Our DNA-DNA hybridization results confirm that all NO-2 strains tested are highly related (average of 96%) and are a single species, according to the longstanding species definition used in our laboratory and recommended by Wayne et al. (41) . Relatedness of NO-2 to Bordetella species is 24 to 34%, higher than the 10 to 19% relatedness observed between B. avium and strains of other Bordetella species (2a), and supports assignment of NO-2 to this genus.
NO-2 is the first Bordetella species that is not associated with respiratory infections. It is the fifth named species (nomenspecies) in the genus, although we are of the opinion that only B. pertussis and B. avium are true species as defined genetically (strains whose DNAs are 70% or more related, with not more than 5% divergence within related sequences) (41 (25) . We obtained similar results (2a). The conclusion that B. pertussis, B. parapertussis, and B. bronchiseptica are a single genospecies is also supported by the results of multilocus enzyme electrophoresis (32), rRNA-DNA hybridization (7), envelope proteins (11) , and interspecies transformation studies (27) .
Khattak and Matthews recently reported that restriction fragment patterns of B. pertussis, B. parapertussis, and B. bronchiseptica were species specific (a given pattern was present in only one of these three nomenspecies) (24) . They concluded that restriction fragment length polymorphism, as demonstrated by pulsed-field gel electrophoresis, ''reflects the overall organization of the bacterial genome and may for some species be a better indicator of clonal origin and genetic relatedness than data from other types of nucleic acid homology studies.'' Although pulsed-field gel electrophoretic analysis of DNA restriction fragments may be more sensitive than other methods in determining clonal and overall genetic relatedness, this does not mean that it is a suitable criterion for creating or defining species. An effective species definition must apply to all species (41) and preferably be quantifiable, as is the case with the species definition based on DNA relatedness. A species definition based on DNA restriction patterns does not seem to be quantifiable: how many bands need be different; how close should the patterns be? Of more importance, what basis will be used to determine how many different patterns should be included in any given species? The number of restriction patterns observed within a species will have to be linked to another characteristic, or all species definitions will be completely subjective.
We propose that NO-2 be named B. holmesii and formally describe this new species below.
Description of B. holmesii sp. nov. Bordetella holmesii (holmesЈi.i. N.L. gen. n. holmesii), named in honor of Barry Holmes, for his substantial contributions to the characterization, classification, and identification of unusual pathogenic and opportunistic bacteria (16) (17) (18) (19) (20) (21) (22) . This species conforms to the description of the family Alcaligenaceae (7) and to the description of the genus Bordetella (34) . The bacteria are gram-negative small coccoid and short rods, with mediumwidth longer rods occasionally observed. They are asaccharolytic, oxidase negative, nonmotile, and fastidious, and they produce a brown soluble pigment. Growth occurs on MacConkey agar at between 3 and 7 days of incubation at 35ЊC. Additional characteristics of this species are given in Results. The GϩC content is 61.5 to 62.3 mol%. It has been found only in the blood of humans.
Description of the type strain. The type strain of B. holmesii is CDC F5101 (ATCC 51541). It shares all of the characteristics of the species. The GϩC content is 61.9 mol%. The sequence of its 16S rRNA was deposited in the GenBank database under accession number U04820. It was isolated from the blood of a 37-year-old man in Buffalo, N.Y. 6 WEYANT ET AL. J. CLIN. MICROBIOL.
